Mature B cells express immunoglobulin M (IgM)-and IgD-isotype B cell antigen receptors, but the importance of IgD for B cell function has been unclear. By using a cellular in vitro system and corresponding mouse models, we found that antigens with low valence activated IgM receptors but failed to trigger IgD signaling, whereas polyvalent antigens activated both receptor types. Investigations of the molecular mechanism showed that deletion of the IgD-specific hinge region rendered IgD responsive to monovalent antigen, whereas transferring the hinge to IgM resulted in responsiveness only to polyvalent antigen. Our data suggest that the increased IgD/IgM ratio on conventional B-2 cells is important for preferential immune responses to antigens in immune complexes, and that the increased IgM expression on B-1 cells is essential for B-1 cell homeostasis and function.
The expression of B cell antigen receptors (BCRs) is essential for the development, survival and activation of B cells 1, 2 . Recombination of the genes encoding immunoglobulin heavy-chain (HC) and lightchain (LC) proteins during early B cell development results in the expression of an immunoglobulin M (IgM)-isotype BCR (IgM BCR) on the surface of immature B cells 3 . At this stage, B cells are selected by different mechanisms to avoid the development of self-reactive clones and autoimmunity. In the bone marrow, self-reactive BCR specificities are removed by receptor editing or cell deletion 4 , and immature B cells that do not recognize autoantigens leave the bone marrow. Through differential polyadenylation and alternative splicing of a primary variable-diversity-joining C µ -C δ transcript, peripheral B cells coexpress the BCR IgM and IgD isotypes with identical specificities, and thus they differ only in the HC constant domains 5 . IgD BCR expression is absent on immature B cells, low on transitional B cells and highest on mature follicular B cells, where the IgD isotype constitutes more than 90% of the BCRs 6 . The physiological relevance of this differential expression of IgM and IgD BCRs is still unclear, but the tight regulation of this expression and its conservation between mice and humans suggest that both receptor classes fulfill distinct functions that are specific for the relevant developmental stages. Secreted IgD is rarely found in the serum, which suggests that IgD may primarily function as a signaling module to control B cell activation in response to antigen binding. Previous work supports the hypothesis that IgM and IgD BCRs deliver qualitatively different signals, thereby influencing the fate of developing B cells 7 . For instance, stimulation with doses of antigen that induce the activation of IgD + mature B cells results in tolerance induction or apoptosis of IgM + IgD − immature B cells, which points to a role for IgD in initiating antibody responses 8 . Moreover, ligation of IgM and IgD BCRs leads to similar protein tyrosine phosphorylation, activation of protein kinase C, calcium mobilization and expression of transcription factors in normal and malignant B cells, yet IgM engagement induces cell-cycle arrest and apoptosis of these cells, whereas stimulation of IgD shows no effect 9 . Interestingly, B cells that chronically encounter soluble self-antigen downregulate the expression of surface IgM BCRs, whereas the amount of IgD BCRs on the cell surface remains unaffected, as a result of yet unknown regulatory mechanisms 10 . Such B cells become anergic, as indicated by their unresponsiveness to antigenic stimulation and the lack of downstream BCR signaling 10, 11 . However, the unresponsive state is reversible, as anergic B cells show functional recovery and renewed expression of surface IgM BCRs in an environment without the autoantigen 12 . The fact that anergic B cells remain IgD positive suggests different regulation of this isotype, with a seemingly inherent ability of IgD BCRs to ignore soluble autoantigens.
Notably, mature innate-like B-1 cells display an increased ratio of IgM BCRs to IgD BCRs on their surface relative to conventional mature B-2 cells. B-1 cells show a chronically activated phenotype and the ability to secrete IgM natural antibodies (NAbs), which are continuously generated even in the absence of infection or specific immunization 13 . In contrast to B-2 cell-derived antibodies, NAbs are more germline-like because they are generated by the use of a restricted set of proximal gene segments of the variable domain of the HC (V H ), often in combination with particular LC genes, and show no or only a few somatic mutations and N-nucleotide insertions at the joining sites 14, 15 . In addition, NAbs have polyreactive binding capacities for foreign antigens, such as common bacterial cell-wall components, and for autoantigens, such as oxidized phospholipids or DNA exposed by dying cells 16, 17 . Thus, NAbs have a dual role that involves protecting the host against invading pathogens and tagging cellular debris for clearance from circulation with the help of phagocytes. As B-1 cell numbers are low in mice carrying mutations that impair BCR signaling through either a defect in the signaling machinery or the absence of antigen 18, 19 , enhanced BCR signaling seems to be critical for the generation and maintenance of B-1 cells. Conversely, mice carrying mutations that strengthen BCR signaling or expressing a BCR with appropriate autoreactivity show increased numbers of B-1 cells [20] [21] [22] . However, the role of high surface expression of IgM BCRs in B-1 cell development and activation remains unclear.
Here we investigated the requirements for the activation of IgM and IgD BCRs and found that IgM BCRs responded to both monovalent and complex antigens, whereas IgD BCRs were unresponsive to monovalent antigens. This difference, which is caused by inherent structural properties of the respective HC isotypes, provides an unexpected explanation for B cell anergy and elucidates the importance of high expression of IgM BCRs on innate-like B-1 cells for their proper development and activation.
RESULTS

Monovalent antigens cannot activate IgD BCRs
To investigate the isotype-specific functions of IgM and IgD BCRs, we compared their antigen-induced responses using B cells deficient for recombinase RAG2, adaptor SLP65 and the surrogate LC component λ5 (hereinafter referred to as triple-deficient cells) 23 . Triple-deficient cells are unable to express endogenous receptors and can be used as an in vitro system for BCR reconstitution 23 . Figure 1 IgD possesses a higher activation threshold than IgM. (a-h) Flow cytometric analysis showing cell-surface expression of (a) NIP-and (e) hen egg lysozyme (HEL)-specific IgM and IgD BCRs, (b,f) specific binding of the cognate antigen and (c,g) calcium measurements representative of at least three independent experiments. After a 1-min baseline recording, cells were stimulated with the indicated antigens. Triple-deficient cells were cotransduced with the respective HC and LC vector pairs or with empty-vector pairs (EV) as a negative control; receptor expression, antigen binding and calcium mobilization are shown for cYFP + cells. (d,h) Graphs represent statistical analyses of three independent calcium flux experiments (n = 3; mean ± s.e.m.). The differences between the mean calcium peaks and the mean baseline calcium levels are depicted. The configurations of the antigens are shown schematically next to the respective measurements. NIP can be conjugated to any of the lysines (K) marked in red. Streptavidin (SA) that crosslinked biotinylated HEL is depicted in blue. s-HEL, soluble HEL; c-HEL (GA), glutaraldehyde-crosslinked HEL. (i) Triple-deficient cells expressing the indicated constructs were treated with s-HEL or c-HEL for various periods of time, and phosphorylation of Btk was assessed by flow cytometry. Histograms show representative results of one out of three independent experiments for unstimulated triple-deficient cells (top panel) and for cells stimulated for 1, 3 and 15 min (second, third and fourth panels from top, respectively). Bottom graphs show mean fluorescence intensity (MFI) (± s.e.m.) for intracellular phosphorylated Btk (p-Btk) at various time points after stimulation, summarized from three independent experiments. P values were calculated using Student's t-test. NS, not significant.
A r t i c l e s
We induced expression of 4-hydroxy-5-iodo-3-nitrophenyl acetyl (NIP)-specific BCRs carrying the V H and V L regions of the B1-8 hybridoma 24 as IgM or IgD in triple-deficient cells and found that the two receptor classes were expressed equivalently ( Fig. 1a) . Although both isotypes specifically bound the antigen NIP(2)-peptide ( Fig. 1b and Supplementary Fig. 1a ), efficient calcium mobilization was detected only in cells expressing IgM BCRs, and not in those expressing IgD BCRs (Fig. 1c,d) . Activation of IgD signaling required multiple NIP residues (>2) presented on a peptide or protein carrier such as bovine serum albumin (BSA) ( Fig. 1c,d) . This result indicates that IgD might be unresponsive toward low-valence antigens.
Because the hapten NIP is a synthetic molecule, we used the hen egg lysozyme (HEL)-specific HyHEL10 (HH10) BCR as a model BCR for protein antigens to verify the observed difference between IgM and IgD signaling. Both isotypes of HH10 BCR exhibited similar cell-surface expression ( Fig. 1e ) and specific HEL binding ( Fig. 1f and Supplementary Fig. 1a ). Consistent with the results obtained for the B1-8 BCRs, the addition of soluble, low-valence HEL induced signal transduction only in cells reconstituted with the HH10 IgM BCR, whereas cells expressing the IgD variant showed no response ( Fig. 1g,h) . To test whether HH10 IgD signaling can be triggered by polyvalent antigen, we generated multimeric HEL aggregates either by chemical crosslinking using glutaraldehyde or by multimerization of biotinylated HEL proteins with streptavidin or antibody-mediated HEL immune-complex formation. Similar to IgM, IgD specifically induced calcium flux after the addition of any of the multimeric HEL forms (Fig. 1g,h and Supplementary Fig. 1b ). Antigen-antibody immune complexes containing two HEL proteins were also able to induce efficient calcium flux in cells expressing IgD, and this flux was intensified by larger immune complexes containing four HEL proteins (ic4-HEL) ( Fig. 1g,h) . Notably, the induction of calcium mobilization correlated with the activation of signaling proteins downstream of BCRs such as Bruton's tyrosine kinase (Btk) and the serine-threonine kinase Akt ( Fig. 1i and Supplementary Fig. 2 ). Taken together, our data show that despite possessing the same antigen-binding domains, IgD is more restricted than IgM and requires polyvalent antigens for B cell activation.
The IgD hinge confers selective responsiveness Because IgM and IgD BCRs differ structurally in their constant domains, we assumed that the observed functional differences could be attributed to these regions. One apparent difference between the two isotypes is the extensive flexible hinge region in the δ-HC, whereas the µ-HC lacks such a hinge region and instead contains an additional constant domain that limits the flexibility of the antigen-binding arms of the IgM BCR 25, 26 . We first investigated the conformational properties that are conferred by the hinge region when it is present as a linker between the Fab arms and the membrane-anchored part of the HC. To this end, we performed molecular dynamics simulations for the wild-type hinge as compared with artificial linkers consisting of different serine-glycine (SG) repeats. Serine and glycine were shown to be highly flexible amino acids (aa), and SG spacers have been used as linkers between protein domains 27 . Monitoring linker length ('endto-end distance') over the simulation time showed that, similar to the hinge region, all artificial linkers exhibited pronounced flexibility and sampled different conformations ( Fig. 2a and Supplementary  Fig. 3) . A histogram of the linker lengths ( Fig. 2a) showed that the SG5-linker (10 aa) samples had lengths from 3 to 30 Å and that, on average, distances of 15 Å occurred most frequently. For the SG10 and SG17 linkers, the average values shifted toward larger distances of 21 Å and 35 Å, respectively. As expected from its equivalent length, the histogram of the SG17 linker was similar to that of the IgD hinge c f npg A r t i c l e s region, which is considered as a native linker 34 aa in length, referred to here as p34 ( Fig. 2a) .
To determine whether the hinge region is required for the higher activation threshold of IgD BCRs, we first deleted the hinge region in the HEL-specific δ-HC and expressed the truncated δ-HC with its corresponding LC in triple-deficient cells ( Fig. 2b and Supplementary  Fig. 4) . The hinge-deleted IgD (IgD∆ hi ) BCR was as efficiently expressed on the cell surface as the wild-type counterpart, and both receptors showed equal HEL binding ( Fig. 2c,d) . Deletion of the hinge region did not influence the responsiveness of the resulting IgD∆ hi BCR to polyvalent crosslinked biotinylated HEL (c-HEL), which indicated that the folding, transport and functionality of this receptor were unaffected ( Fig. 2e,f) . However, the IgD∆ hi BCR gained the ability to induce calcium mobilization in response to soluble HEL, whereas the normal IgD BCR was unresponsive ( Fig. 2e,f) . This result indicates a role for the hinge region in modulating the sensitivity of IgD BCRs to low-valence antigens. To further test this notion, we introduced the δ-HC hinge region into the µ-HC between the constant regions of the heavy chain (C H 1 and C H 2 domains) ( Fig. 2b  and Supplementary Fig. 4 ) and compared the responsiveness of the resulting IgMδ hi BCR toward soluble HEL to that of the wild-type IgM BCR. There were no apparent differences between the IgM and IgMδ hi BCRs in surface expression and HEL binding ( Fig. 2c,d ). In addition, triple-deficient cells that expressed the IgMδ hi BCR showed normal responses after the addition of polyvalent HEL ( Fig. 2e,f) . However, introduction of the δ-hinge region into IgM significantly reduced its capacity to induce calcium mobilization in response to soluble HEL ( Fig. 2e,f) .
To distinguish between the effects of the flexibility and length of the linkers on IgD-specific responses, we replaced the wild-type IgD linker p34 with the artificial linkers SG5, SG10 and SG17. As described above, the structures observed over the simulation time suggested that all linkers tested exhibited high flexibility and that even the short SG5 linker could sample different conformations, thereby allowing unrestricted rotation of the adjacent immunoglobulin domain ( Fig. 2a and Supplementary Fig. 3 ). However, the results showed that, in contrast to the SG10 and SG17 linkers, the short SG5 linker could not maintain IgD function ( Fig. 2e,f) . Similar results were obtained when NIP-specific B1-8 BCRs were tested (Supplementary Fig. 5 ). These data suggest that the linker length provided by the wild-type p34 linker enables larger distances between the connected immunoglobulin domains and is important for IgD function. The molecular npg A r t i c l e s dynamics simulations and the experimental approach suggested that the two arms of IgD promote binding of low-valence antigen (one or two epitopes) by one IgD molecule, thereby preventing BCR activation and signaling ( Supplementary Fig. 6 ).
Anergic B cells respond to polyvalent antigens
The data described so far were generated in a cell line, and to confirm our finding that IgD tolerated low-valence antigen but could be stimulated by multivalent antigen in vivo, we used the well-established HEL-transgenic mouse model. In these mice, B cells express rearranged immunoglobulin genes encoding the HEL-specific HH10 BCR, which, together with transgenically expressed soluble HEL, leads to tolerance by induction of B cell anergy 10 . As anergic B cells downregulate surface IgM and maintain IgD expression 10 , we reasoned that our results might provide a molecular explanation for the functional unresponsiveness observed in B cells from these mice. According to our data from tripledeficient cells, the functional unresponsiveness of anergic cells might have resulted from the natural inability of IgD to respond to low-valence antigens such as soluble HEL. To test this in vivo, we stimulated B cells from MD4 (transgenic for HH10) and MD4 × ML5 (transgenic for HH10 and soluble HEL) mice with monovalent or multivalent forms of HEL. B cells from both of these mouse lines showed specific HEL binding and the previously reported differences in the expression of IgM and IgD BCRs (Fig. 3a,b) . As expected, the addition of soluble HEL to B cells from MD4 mice induced Btk phosphorylation and calcium mobilization, whereas B cells from control mice (wild-type or ML5 single-transgenic) that expressed endogenous BCRs showed no response ( Fig. 3c-f ). As reported, the addition of soluble HEL failed to trigger BCR signaling in anergic B cells from double-transgenic MD4 × ML5 mice. However, when treated with polyvalent c-HEL or ic4-HEL immune complexes, anergic B cells of the same mice showed responses similar to those of non-anergic MD4 B cells, as indicated by the induction of Btk activation and vigorous calcium mobilization ( Fig. 3c-f) . In addition, BCR engagement by anti-κ promoted similar calcium responses in B cells from all of the transgenic mice used, which indicated that the BCR signaling machinery is not inactivated in anergic cells from MD4 × ML5 mice. Thus, the results suggest that anergic B cells are rendered unresponsive to soluble antigens by downregulation of surface IgM but remain fully responsive to stimulation with antigens in immune complexes that seem to be specifically required for IgD engagement. A r t i c l e s Monovalent antigens interfere with IgD signaling The finding that soluble low-valence antigens can bind specifically to IgD BCRs but fail to trigger signaling suggested that such antigens might block the antigen-binding sites and thus act as antagonists to stimulation by antigens in immune complexes. To test this, we stimulated triple-deficient cells expressing either HH10 IgM or IgD BCRs with ic4-HEL in the presence of various amounts of soluble HEL (s-HEL). Because IgM receptors showed equal responses to antigenic stimulation regardless of the antigen valence, altering the ic4-HEL/ s-HEL ratio had, as expected, no effect on the signaling function of IgM (Fig. 4a-c) . However, increasing the proportion of s-HEL caused a gradual inhibition of IgD signaling induced by ic4-HEL (Fig. 4a-c) . Notably, signaling of the truncated IgD∆ hi BCR could not be efficiently inhibited by increased amounts of s-HEL, which emphasized the functional similarity of this mutant receptor to the IgM BCR ( Fig. 4a-c) . The capacity of ic4-HEL to trigger IgD signaling was not influenced by increased proportions of unrelated proteins such as BSA, which indicated that the inhibition caused by s-HEL was indeed due to competition for antigen-binding sites on IgD.
To confirm these results in vivo, we tested the responsiveness of B cells from MD4 or MD4 × ML5 transgenic mice in the presence of various ic4-HEL/s-HEL ratios. Because B cells from MD4 mice express IgD together with IgM ( Fig. 3a) , s-HEL decreased the ic4-HELinduced calcium flux to the level achieved with s-HEL alone, probably because the monomeric HEL proteins were still able to trigger IgM activation ( Fig. 4d-f) . In contrast, shifting the ic4-HEL/s-HEL ratio toward higher amounts of s-HEL successively inhibited the signaling capacity triggered by ic4-HEL in IgD hi IgM lo B cells isolated from MD4 × ML5 mice ( Fig. 4d-f ). This is in complete agreement with the results obtained with IgD-expressing triple-deficient cells. Similarly, shifting the balance toward s-HEL inhibited signaling induced by other polyvalent HEL forms in primary IgD hi IgM lo or IgD hi IgM − B cells (Supplementary Fig. 7) . In summary, these data suggest that low-valence antigens compete with polyvalent antigens for binding sites on IgD and that the antigen valence ratio is an important factor determining the immunogenicity of polyvalent antigens.
Efficient B-1 cell development requires IgM BCRs
Our data indicated that the threshold for stimulation of IgD BCRs is higher than that for IgM BCRs. This suggested that cells expressing IgM can be more readily activated, which might be important for generating a strong enough signal for the development of some B cell populations. In fact, signal strength was reported to be key for the generation of B-1 cells, and it seems that interaction with autoantigens c d 20, 22 . PtC is present in cellular membranes and in lipoprotein particles of different sizes, including low-density lipoproteins (LDLs). As the size, density and distribution of PtC on such particles is unknown and possibly variable, we wondered whether the signal strength associated with the expression of IgM BCRs is required for the generation of B-1 cells. Hence, we analyzed the PtC-binding population in wild-type and IgM-null mice 28 and found that the majority of PtC-binding cells belonged to the B-1a subpopulation (Fig. 5a,b) .
In addition, we found that the proportions of PtC-binding cells in the B-1a and B-1b populations of IgM-null mice were significantly reduced compared to those in wild-type mice (Fig. 5b) , which is in agreement with a previous report 28 . To test whether PtC-positive cells expressing IgD BCR are restricted in their responsiveness, we treated wild-type and IgM-null B-1a cells with different forms of PtC. We used PtC-containing liposomes as an example of a complex high-valence
antigen. In addition, we dissolved PtC in ethanol to generate a low-valence antigen relative to liposomes. Our results showed that wild-type B-1a cells responded both to low-valence soluble PtC and to liposomes ( Fig. 5c-e) . The IgM-null B-1a cells, however, required liposomes for stimulation, which confirmed our initial assumption that the activation of IgD BCRs requires a higher-valence antigen than that of IgM BCRs (Fig. 5c-e) .
To further demonstrate the advantage of IgM over IgD for the selection of B-1 cells, we crossed IgM-null mice with wild-type mice and analyzed the resulting heterogeneous mice expressing the wild-type allele (IgM + ) and the targeted allele expressing only IgD developed into PtC-binding B cells, which indicated that the generation of B-1a cells was more efficiently promoted by IgM BCRs than by IgD BCRs (Fig. 5f) .
To further confirm these findings, we investigated whether exclusive expression of IgM BCRs led to augmented development of B-1 cells. Indeed, IgD-null mice 29 expressing only IgM showed considerably increased fractions of B-1a cells in the peritoneal cavity (Supplementary Fig. 8) . In summary, these data demonstrate that the increased expression of IgM BCRs is required for proper B-1 cell development and activation.
Impaired response of B-1 IgD
To show that IgM or IgD BCRs with the same PtC specificity respond differentially to PtC, we expressed the V H and V L regions of B-1a-derived BCRs specific for PtC as IgM or IgD in our triple-deficient system (Fig. 6a) and treated the resulting cells with soluble PtC or PtC-containing liposomes. The results showed that IgM BCRs responded efficiently to soluble PtC and to PtC liposomes, whereas IgD BCRs showed a calcium response only after treatment with liposomes ( Fig. 6b,c) . Deletion of the hinge region made the IgD isotype a highly PtC-responsive BCR that, similar to IgM BCRs, was activated by soluble PtC (Fig. 6d-f ). In addition, expression of a B-1a cell-derived BCR of the IgM isotype, but not of the IgD isotype, induced spontaneous proliferation of receptor-expressing cells ( Supplementary  Fig. 9) . Moreover, the B-1a cell-derived BCRs induced more robust phosphorylation of Btk than did the B-2 cell-derived HH10 BCRs (Fig. 6g) , which might be related to the essential role of Btk in B-1 cell differentiation 19 .
Together, these data confirm the in vivo findings and suggest that IgD tolerates soluble monovalent antigens, whereas IgM efficiently responds to low-valence antigens, which makes it important for the self-replenishment of B-1 cells.
Defective function of IgM-null B-1 cells
The NAbs produced by B-1 cells provide protection against microbial infection and are important for housekeeping functions, including the clearance of apoptotic cells or autoantigens that are newly generated during normal metabolism or under inflammatory conditions, such as oxidized phospholipids and lipoproteins. Although B-1a cells secrete mainly IgM, other NAb isotypes such as IgG3 are also secreted. Our data so far suggest that B-1 cells that do not express the IgM BCR are restricted in their capacity to respond to antigens. To investigate the capacity of IgM-null B cells to secrete IgG NAbs, we analyzed sera from wild-type and IgM-null mice for the presence of oxidationspecific immunoglobulins. In the IgM-null mice, IgD replaced IgM, and the upstream and downstream switch regions remained intact. As previously reported 30 , B-1 cells from non-immunized, infection-free wild-type mice spontaneously secreted NAbs that bound to oxidationspecific epitopes including malondialdehyde-modified LDL, copper sulfate-oxidized LDL, malondialdehyde-acetaldehyde-modified BSA, phosphocholine BSA, malondialdehyde-modified BSA and 4-hydroxynonenal-modified BSA. In contrast to wild-type mice, IgM-null mice had substantially reduced total amounts of IgG NAbs in sera (Fig. 7a) . As exemplified by phosphocholine BSA, the observed reduction in total IgG NAbs was found mainly for IgG2b and IgG3 (Fig. 7b) . These results suggest that the expression of IgM BCRs is essential for proper B-1 cell function and the production of NAbs.
DISCUSSION
Despite the tightly regulated expression of IgD during B cell development, its role in B cell function is unclear, as both IgM and IgD activate B cell signaling 7 . Compared to IgM BCR, IgD was not efficiently downregulated in mice expressing an anti-HEL IgD transgene together with s-HEL 31 . The downregulation of IgM and the stable expression of IgD on B cells expressing self-reactive BCR suggest a role for IgD BCRs in B cell tolerance. A recent study suggested that all mature B cells in the spleens of wild-type mice are anergic, as they show signs of activation by self-antigen, in addition to downregulation of the expression of IgM, but not IgD, BCRs 32 . This raises the question of how foreign antigens induce antibody responses in wild-type mice. Our data suggest that mature B cells anergic to soluble self-antigens remained fully responsive to multimeric antigens. Foreign antigens are most likely to be encountered in multimeric immune complexes in solution or bound to specialized receptors on the surface of antigen-presenting cells 33, 34 . Thus, anergy may be a normal maturation step in B cell development, and the expression of IgD might provide mature B-2 cells with a receptor optimized for efficient immune responses toward immune complexes. Polyvalent antigen is required for improved antigen presentation to T cells 35 , and IgD-deficient mice show delayed T cell-dependent immune responses 25 . In full agreement, our data demonstrate that the IgD BCR is specialized for immune responses toward polyvalent antigens but ignores low-valence antigens, including self-antigens.
The hinge region in the IgD BCR seems to be essential for selective activation by polyvalent antigens. Normally, this region allows increased structural flexibility in the binding of immunoglobulin to epitopes 26 , and it is unclear how it interferes with IgD activation by low-valence antigens. Our molecular dynamics modeling suggested that the antigen-binding arms of the IgD BCR can bind to two distinct epitopes localized at different distances on the same antigen. This would allow multiple IgD-antigen interaction modes, depending on the valence of the antigen. Low-valence antigens (one or two epitopes) are bound by the same IgD BCR, whereas polyvalent antigens allow multiple-BCR binding that might be important for B cell activation. On the surface of resting B cells, both IgM and IgD BCRs form closed oligomers that are opened upon exposure to antigens 36, 37 , and it is conceivable that the oligomeric organization of the rigid IgM BCR is disturbed more easily by binding to low-valence antigens than that of the IgD BCR, with its highly flexible hinge region.
In addition to the antigen valence, the affinity of the BCR toward its antigen is crucial for activation of signaling. The studied NIP-and HEL-specific BCRs possess intermediate (B1-8, K D = 2 × 10 6 nM) 38 and high (HH10, K D = 2 × 10 10 nM) 39 npg A r t i c l e s antigens, whereas B-1a-derived BCRs are thought to possess low affinity. As all tested BCRs showed similar behavior, it is conceivable that the differential responsiveness of IgM and IgD BCRs is independent of affinity. We were intrigued by the finding that monovalent antigen was able to activate IgM signaling, whereas hapten alone (i.e., NIP) did not induce signaling, which suggested that other structures of the antigen are involved in IgM stimulation. Perhaps IgM undergoes low-affinity interaction with another epitope of the antigen, which, together with the high-affinity binding to the specific epitope, might be sufficient for activation. This phenomenon is known as heteroligation and has been described for BCRs and T cell antigen receptors 40, 41 .
Germinal-center B cells seem to downregulate surface expression of IgD while retaining IgM BCR expression 42 . In germinal centers, B cells undergo affinity maturation and are selected by the antigen, which is the limiting factor for the competing B cells and might not always be present in the optimal form. Therefore, it is conceivable that under these conditions B cells upregulate expression of their most sensitive receptor to sense every potential form of antigen, in order to be selected in the course of immune responses.
IgG-isotype BCRs expressed on memory B cells also contain a hinge region similar to that of the IgD isotype, and it is conceivable that the activation of IgG BCRs, and thus memory B cell responses, shares functional similarities with that of IgD BCRs. Despite sharing extensive structural similarities, the different IgG isotypes show notable variation in the length and composition of their hinge regions 26 . The functional relevance of these differences and their role in antigenvalence sensing by IgG remains to be determined.
An important conclusion of our study is that maturation and IgD expression shift the responsiveness of conventional B-2 cells toward multimeric antigens, which results in an unexpected mechanism of B cell regulation. In this scenario, the high percentage of autoreactive B cells observed in normal individuals 32, 43 might be controlled by soluble monovalent self-antigen. Under conditions of chronic inflammation, however, the increased self-antigens in immune complexes may lead to the activation of autoimmune responses. Therefore, clearance of immune complexes by IgM NAbs might be an important process for avoiding autoimmune responses and inflammation 44 . For instance, oxidation-induced epitopes or neoautoantigens such as oxidized LDL activate pathogenic immune responses that lead to arteriosclerosis, whereas increased amounts of oxidized LDL-specific IgM NAbs are protective against this disease 16, 45 .
Thus, an understanding of the molecular differences between IgM and IgD BCRs not only establishes a novel concept for immune regulation but also might open up new opportunities for improving vaccination approaches aimed at protection from autoimmune disorders or pathogens.
METhODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METhODS
Mice. Mice were bred in the animal facility of the Max-Planck-Institute of Immunobiology and Epigenetics under specific-pathogen-free conditions. MD4, MD4 × ML5, IgM-null 28 , IgD-null 29 and corresponding control mice at 8-10 weeks of age were used for all experiments. Animal experiments were done in compliance with German animal-ethics laws.
Cell culture conditions. Phoenix and triple-deficient cells were cultured in Iscove's medium (Biochrom AG) containing 10% FCS (PAN-Biotech), 10 mM L-glutamine (Gibco) and 100 U/ml penicillin/streptomycin (Gibco). For culture of triple-deficient cells, the medium was supplemented with 50 µM β-mercaptoethanol (Gibco) and supernatant of J558L mouse plasmacytoma cells stably transfected with a murine interleukin 7 (IL-7) expression vector. Triple-deficient cells were cultured at a density of 2 × 10 5 to 4 × 10 5 cells per milliliter.
Plasmids and retroviral transduction. ERT2-SLP65 (ref. 23 ) expression was induced in triple-deficient cells with a retroviral vector containing tdTomato as an expression control. Immunoglobulin HCs and LCs were expressed using the BiFC vector system as described 46 . PtC-specific BCRs from B-1a cells possess VH11 regions, which, together with Vκ14, give rise to their PtC specificity. PtC binding was confirmed by flow cytometry. Retroviral transduction was performed as described 23, 46 . Phoenix cells were transfected using GeneJuice Transfection Reagent (Merck Millipore) as recommended in the manufacturer's protocol. Supernatants were harvested 48 h after transfection and used for transduction of triple-deficient cells.
Flow cytometry. For flow cytometric analysis, cells were stained with anti-IgM-Cy5 (115-175-075; Jackson Immunoresearch), anti-λ-biotin (1175-08; Southern Biotech), anti-κ-biotin (1050-08; Southern Biotech), streptavidin-PerCP (340130; BD Bioscience), anti-CD19-PerCP-Cy5.5 (1D3; BD Pharmingen), anti-IgM-fluorescein isothiocyanate (1140-02; Southern Biotech), anti-IgD-phycoerythrin (1120-09; Southern Biotech), anti-IgMphycoerythrin-Cy7 (II/41; eBioscience), anti-CD5-biotin (53-7.3; BD Bioscience), anti-B220-phycoerythrin (HIS24; BD Bioscience), antiphospho-Syk-allophycocyanin (Y348; moch1ct; eBioscience), anti-phospho-Btkallophycocyanin (Y551/Y511; M4G3LN; eBioscience), anti-phospho-Akt-Alexa Fluor 647 (pS473; M89-61; BD Phosflow), NIP(2)-peptide-biotin (Apara Bioscience), HEL-biotin, streptavidin-Alexa647 (Jackson Immunoresearch), anti-CD43-phycoerythrin (S7; BD Pharmingen), PtC-liposome Marina Blue-DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine), and PtC-liposome fluorescein-DHPE (FormuMax Scientific). Analysis was performed using a FACSCalibur or an LSRII (Becton Dickinson).
Phosphoflow analysis. 1 × 10 6 cells were cultured in Iscove's media (supplemented with 1% FCS) and stimulated (stimuli and periods of time are indicated in figures). Cells were resuspended in prewarmed fixation buffer (BD Cytofix) and fixed for 10 min at 37 °C. After being washed with stain buffer (BD Pharmingen), cells were permeabilized by prechilled Perm Buffer III (BD Phosflow) and incubated on ice for 30 min. Cells were washed twice with stain buffer and stained for intracellular phosphorylated proteins and, if necessary, surface antigens with the appropriate antibody dilutions.
Molecular dynamics simulations.
Molecular dynamics simulations were performed for the three designed linkers (Ser-Gly) 5 , (Ser-Gly) 10 , and (Ser-Gly) 17 (hereinafter referred to as SG5, SG10 and SG17, respectively). An additional simulation was performed for the 34-mer peptide p34 ESWDSQSSKRVTPTLQA KNHSTEATKAITTKKDI, corresponding to the wild-type IgD linker sequence. The initial systems were modeled in extended conformation, subjected to a structural minimization (1,000 steps), warmed up to 310 K over 200 ps, and finally simulated for 100 ns in implicit solvent 47 with a time step of 2 fs. All simulations were performed with Amber12 using the standard parm99SB 48, 49 parameter set. For visualization purposes, the VMD program 50 was applied.
The molecular dynamics suite AMBER12 is available from the University of California, San Francisco, at http://ambermd.org. For the initial setup of coordinates and forcefield parameters, the program leap was used.
